Use of scanning force microscopy (SFM) for high resolution imaging of cell surfaces requires the cells to be tightly attached to substrates. Imaging of loosely adhered RBL-2H3 cells enabled determination of the cell size and investigation of larger structures and pseudopodia but failed in resolving more detail. Immobilization under non-invasive conditions via flexible crosslinkers containing a hydrophobic anchoring group enhanced resolution enormously. The cells were tightly attached to the substrates and were not removed by shear forces up to 80 nN as determined in a flow through apparatus. Morphological structures and dynamic processes on cell surfaces were observed as well as structural changes after cell stimulation upon ionomycin treatment. Molecular or atomic resolution, however, was not attainable which is attributed to the displacement of the flexible cell surface due to shear forces arising from the scanning tip during contact mode.
INTRODUCTION
A fundamental prerequisite for the investigation of biological specimen by SFM (Binnig et al., 1986; Drake et al., 1989; Lal and John, 1994; Mü ller et al., 1995; Shao and Yang, 1995; Schneider et al., 1997) is their immobilization on an inert substrate to avoid displacement by the scanning tip or removal from the surface during buffer injection in situ. This enables high resolution imaging on protein (Mü ller et al., 1995) and cell (Lal et al., 1994) surfaces, and observation of dynamic processes at the plasma membrane of living cells under physiological conditions (Schneider et al., 1997) .
At present, cell immobilization is performed by either of two methods. Either the cells are cultured on uncoated substrates (glass, plastic, green mica) (Chang et al., 1993; Kasas et al., 1993; Braunstein and Spudich, 1994; Schoenenberger and Hoh, 1994; Hoh and Schoenenberger, 1994; Le Grimellec et al., 1994) , or they are cultured on coated substrates. Typical coating substances are poly--lysine (Marchese-Ragona et al., 1993) , laminin (Lal et al., 1995; Shroff et al., 1995) , entactin, collagen (for a review see Henderson, 1994) , and Cell-Tak (Schneider et al., 1997) . In all these cases, the cells are directly adsorbed and parts of the cell membrane physically contact the substrate, thus creating cavities and isolated membrane patches. The excluded patches are hindered in communicating with the environment and in performing fundamental physiological functions, such as endocytosis, exocytosis or uptake of essential nutritive substances.
Flexible and long spacers are appropriate tools to enable immobilization without direct contact. They anchor the cell at a distance from the surface, so that the cushion of buffer in between may allow for uneffected cell physiology. Furthermore, the flexibility guarantees that the cell is both held spatially fixed and mobile enough to perform small local distortions when necessary. Major tasks are the realization of defined and suitable coupling and the adjustment of the surface density of spacers to appropriate values. Different strategies have been used for the specific and site directed tight binding of biomaterials to surfaces via crosslinkers for topographic imaging with SFM (Karrasch et al., 1993; Wagner et al., 1995) . The crosslinkers in these studies, however, appear to be too short to provide enough spacing for unconstrained anchoring of cells to substrates.
A heterobifunctional poly(ethylene) glycol (PEG) derivative of 24 monomer units with an amine and a thiol reactive end was recently developed and synthesized in our lab (Haselgrü bler et al., 1995) . Its length of 6 nm (Hinterdorfer et al. 1996 (Hinterdorfer et al. , 1998 appears to be apt for functional cell anchoring. PEG is known to be highly flexible and to prevent unspecific adhesion of biomolecules to surfaces. The PEG crosslinker was specially designed for the coupling of antibodies to SFM tips and of antigens to surfaces (Hinterdorfer et al., 1996 (Hinterdorfer et al., , 1998 . In this way, recognition of single antibody-antigen pairs was detected with force microscopy (Hinterdorfer et al., 1996 (Hinterdorfer et al., , 1998 . The amine reactive end is bound to amine functionalized surfaces and, subsequently, the biomaterials to the thiol-reactive end. The thiol-reactive group covalently links to thiols like cysteins or modified lysins (Haselgrü bler et al., 1995) of proteins to form a disulfide bridge.
Unspecific adsorption of cells as well as covalent linkage using cysteins or lysines occurs partly via proteins. Hence, these proteins are spatially blocked and functionally influenced. Using spacers carrying a lipid as functional group for anchorage is an elegant method to overcome the problem of protein blockade. Alkylic chains like fatty acids show a high tendency to enter the outer cell membrane, adjusting to its fluid hydrophobic interior. Thus, this method of coupling is based on many weak and flexible interactions without interference with proteins.
The potential of two different PEG crosslinkers, one with a thiol reactive end group and one with a fatty acid end group, to bind cells to substrates was tested using the following assays: Light microscopy was employed for the determination of the surface density of attached cells in dependence of the incubation time in the cell bath. The physical strength of cell anchoring was tested by means of shear forces. Suitability of anchoring for SFM was directly demonstrated by imaging the topography of cell surfaces.
MATERIALS AND METHODS

Cell Culture
(Subline 2H3)-Rat Basophilic Leucemic (RBL) cells were maintained as monolayer cultures (Barsumian et al., 1981) . They were grown in stationary flasks using Dulbecco's Modified Eagle Medium (DMEM, Gibco, Vienna, Austria) supplemented with 10% fetal calf serum in a 37 C humidified incubator containing 2.3% CO 2 . When confluent (every 3 days), cells were detached by a 3-min exposure to trypsin/EDTA or EDTA alone and used for experiments immediately after subculture.
Cell anchoring
Specimen preparation. Two different poly(ethylene glycol) (PEG) derivatives (Haselgrü bler et al., 1995) , biotin-PEG 800 -stearic acid and biotin-PEG 800 -(pyridyldithio)propionate (biotin-PEG 800 -PDP) (Kaiser et al., 1997) , were used as crosslinkers for the anchoring of cells to substrates covered with streptavidin. The spacers were synthesized in our lab using PEG 800 (Fluka, Buchs, Switzerland) with a chain length of about 6 nm. Binding to activated silicon substrates was accomplished by deposition of 20 l of 50 mg/ml spacer in dimethylsulfoxide (DMSO). After incubation for 30 min at room temperature, the substrates were extensively washed in DMSO, ethanol, and in standard extracellular solution. Prior to spacer binding, all substrates were covered with a layer of streptavidin, either via: (1) aminosilanization; or by (2) treatment with the biotinamidocaproyl derivative of bovine serum albumin (biotin-cap-BSA). Aminosilanization. Cleaned (Brzoska et al., 1992) silicon wafers (5 5 mm) were silanized with diethoxyaminosilane (Aldrich, Vienna, Austria) to create a surface rich in reactive primary amino groups. Briefly, the substrates were incubated for 30 min at room temperature in an atmosphere of diethoxyaminosilane, produced by using 1 ml of reagent for every 100 ml atmosphere in a desiccator. Subsequently, they were washed in toluene, ethanol, and finally dried in an oven at 180 C for 2 h. The substrates were then biotinylated with biotinamidocaproate-N-hydroxysuccinimide ester (biotin-cap-NHS, Sigma) by depositing 20 l of 5 mg/ml biotin-cap-NHS in triethylamine/ dimethylformamide (DMF), 0.1/99.9 (V/V). After incubation for 30 min at room temperature substrates were extensively washed in DMF, ethanol, and in distilled water and finally dried in a gentle stream of nitrogen. A drop of 20 l PBS (100 m NaCl, 50 m NaH 2 PO 4 , 1 m EDTA-Na 2 , pH 7.4/ NaOH) containing 50  streptavidin (Molecular Probes, Eugene, OR) was then deposited on the biotinylated surfaces and removed in excess PBS and distilled water after 30 min incubation at room temperature.
Treatment with biotin-cap-BSA. Biotin-cap-BSA was prepared by reaction of BSA (Calbiochem, Lucerne, Switzerland) with biotin-cap-NHS at room temperature for 90 min in borate buffer (100 m NaCl, 35 m H 3 BO 3 , pH=8.6 NaOH), in analogy to the general instructions of Molecular Probes for the labelling of proteins with NHS esters. For immobilization, biotin-cap-BSA was dissolved in phosphate-buffered saline (PBS) at a concentration of 100 g/ml and adsorbed on cleaned hostaphan foils (0.5 1 cm). After incubation for 30 min at room temperature, the biotinylated samples were rinsed with excess PBS, covered with streptavidin (50  in PBS) and finally washed as described above.
For comparison of cell adhesion strength data, untreated substrates were also activated with poly--lysine (Sigma) and Cell-Tak (Becton Dickinson), respectively. Poly--lysine coverage was carried out by applying a 1 mg/ml solution in PBS for 30 min at room temperature and washing in PBS buffer. Cell-Tak (1 l on a 0.5 0.5 cm surface) was adsorbed for 10 min, dried, and finally washed with ethanol and distilled water.
Binding of cells to activated substrates was accomplished with small volumes (10-20 l) of cell suspensions. The samples were incubated for a given time at room temperature, before SFM imaging or cell anchoring assays were carried out.
Determination of the density of cells on substrates.
Silicon substrates were glued onto glass cover slips (12 12 mm, Assistent, Germany) and placed on the stage of an optical microscope (NIKON). A small amount of cell suspension (10 l) containing about 10 7 RBL-2H3 cells/ml was deposited onto the surfaces and incubated for 1, 3, 5 and 10 min. After incubation, substrates were photographed and then gently immersed in extracellular KCl solution three times to remove unbound cells. Subsequently, they were photographed for a second time and the immobilized cells were counted. The numerical evaluation was performed by comparing cell densities within the same area before and after washing.
Strength of cell anchoring. The strength of cell anchoring was measured in a flow through cell by means of shear forces. In closed hydraulic circulation, a Mohnopump (type 3N06, Netzsch, Waldkraiburg, Germany) was used to inject buffer (standard extracellular solution: 140 m NaCl, 5 m KCl, 1 m MgCl 2 , 2 m CaCl 2 , 10 m glucose, 10 m HEPES, pH=7.4/NaOH) from a reservoir through the glass cell to which the substrate with immobilized cells was mounted. The flow velocity was adjustable from 0 to 237 cm/s. The cross section of the flow through cell was 6 0.3 mm at a length of 33 mm, thus resulting in a Reynolds number N R of 711 (laminar flow condition).
The homemade flow through cell consisted of a flat chamber with a rectangular cavity of 59.4 mm 3 volume and a cover slip. A droplet (100 l) of cell suspension was deposited on the substrates that were fixed with an adhesive tape on the bottom side of the cover slip. After incubation for 10, 30 or 60 min the whole chamber was transferred to the stage of an optical microscope (NIKON). A region with about 50 immobilized cells was focused at 100 magnification. Then the pump was turned on and the velocity of flow was gradually increased from 0 to the limit of the pump (237 cm/s flow). Cell densities were determined during different settings of the laminar flow velocity.
Scanning force microscopy (SFM)
SFM was performed on a Nanoscope IIIa (Digital Instruments, Santa Barbara, CA) with a 15 m (D) and a 150 m (J) scanner in liquids using a fluid cell. Measurements on RBL cells were performed in standard extracellular solution.
Silicon substrates were glued onto magnetic steel stubs and placed on top of the piezo. A droplet (10 l) of cell suspension containing about 10 4 cells was deposited on the substrate and the fluid cell was installed. Scan frequencies varied from 1 to 3.8 Hz, and loading forces from 4.8 to 8.6 nN. All images (height and error) were acquired in contact mode. They were processed by flattening to remove background slope and enhance contrast. All measurements were performed at room temperature (22-25 C). The influence of ionomycin treatment on cell morphology was tested by first imaging the mast cells for about 10 min in extracellular solution before 5 l of 3 m ionomycin in dimethylsulfoxide (DMSO) were injected dropwise.
RESULTS AND DISCUSSION
RBL-2H3 cell surface density
RBL-2H3 cells show a tendency to adhere to untreated hydrophilic or hydrophobic substrates. In some cases, they could be imaged by SFM without any preliminary treatment after an incubation time of 1 h. The surface density of the cells on untreated surfaces, however, was very low, rendering SFM experiments time consuming. To test whether cell surface densities are increased by immobilization via crosslinkers with functional ends, silicon wafers were activated with biotin-PEG 800 -PDP or biotin-PEG 800 -stearic acid, respectively (cf. Materials and Methods).
Typical photographs of RBL-2H3 cells immobilized on silicon substrates are shown in Figure 1 .
Silicon substrates were either untreated (a, b), or functionalized with PEG 800 -PDP (c, d) or PEG 800 -stearic acid (e, f). The incubation time of the wafers in the cell suspension was varied from 1 (a, c, e) to 10 (b, d, f) min. The effect of surface functionalization is clearly visible: cell surface densities are significantly higher on PEG 800 -PDP activated surfaces and even more on PEG 800 -stearic acid activated surfaces compared to bare silicon. In all three cases, densities increase with incubation time. An almost confluent cell layer is obtained with PEG 800 -stearic acid at an incubation time of 10 min (f).
From photographs as shown in Figure 1 values for cell area densities were derived. Their dependencies on the incubation time is illustrated in Figure 2 . In all cases, the curves show a linear ascension. The slopes k of the linear regression fits, representing the differential changes of RBL-2H3 cell area density with respect to incubation time, are given in Table 1 . Each individual slope k was divided by the slope for the untreated substrate, thus yielding a Q* value (see Table 1 ) which is a measure for the efficiency of the crosslinkers for cell anchoring. A comparison of Q* values reveals that anchorage via PEG 800 -PDP was about three times more effective than adhesion on plane silicon, and anchoring via PEG 800 -stearic acid about seven times more effective, respectively. The cell densities after an incubation time of 10 min 10 min are also given in Table 1 . The value obtained for the PEG 800 -stearic acid activated silicon comes close to the theoretical plateau value of about 4000 cells/ mm 2 for the maximal density of a confluent RBL-2H3 cell monolayer.
RBL-2H3 Cell adhesion strength on substrates
From the Q* values given in Table 1 it can be seen that the PEG 800 -stearic acid crosslinker is more efficient in cell binding than the PEG 800 -PDP crosslinker. To test the influence of the functional crosslinker-end group on the strength of interaction with the cell membrane, adhesion force measurements were carried out in a laminar flow apparatus. For comparison, we also used surfaces coated with polylysine and Cell-Tak, respectively. The substrate was a hostaphan foil of 4 m thickness. Details of the experimental procedures are given in the Materials and Methods section. Substrates were incubated in the cell suspension for 10 min before a defined laminar flow was adjusted. Relative surface densities of attached cells in dependence of the strength of the laminar flow are shown in Figure 3 . The decrease of the cell density with increasing flow has sigmoidal characteristics for all substrate coatings. Data were fitted with the Boltzman equation. The laminar flow was converted into shear forces by means of Stokes' law. In this first order approximation the torque balance with respect of z-direction is not taken into account because of the unknown fluid shear rate parameter of the used cell types (for a detailed analysis see Hammer and Lauffenburger, 1987) .
Corresponding values of the shear force at 50% cell detachment, F shear, EC50 were calculated from the data in Figure 3 . They are listed in Table 2 , providing a representative ensemble value of cell anchoring by different methods. Normalization of the F shear, EC50 values to the reference value for the uncoated foil, results in Q (see Table 2 ), a measure for the strength of immobilization (in analogy to the Q* value for surface densities). The PEG 800 -PDP crosslinker increases the adhesion strength 4.5 times whereas the Q value for PEG 800 -stearic acid is about 7.5, indicating effective anchorage of the lipid to the cell membrane. Such distinct anchorage via lipids is about as strong as that of contactimmobilization using poly--lysine or Cell-Tak (cf. Fig. 3 and Table 2 ).
Longer incubation times (up to 60 min) in cell baths prior to flow experiments resulted in somewhat higher F shear, EC50 values (data not shown). This increase, however, is not linear with incubation time and saturates. For the PEG 800 -stearic acid crosslinker, a six times higher incubation time resulted only in a 1.76 times higher shear force resistance. Thus, an incubation time of 10 min appears to be sufficient to reach shear force resistances close to saturation.
The influence of substrate coating on cell surface density and cell adhesion strength was evaluated for RBL-2H3 cells in this study. F shear, EC50 values of other cells (CHO , HEK-293) were significantly lower (data not shown). The adhesiveness of different cell types to prepared substrates may vary significantly (Hammer et al., 1987) due to different elastic cell properties (Radmacher et al., 1993) and different interfacial free energies of interaction between biomaterials and substrate surfaces (van Oss, 1991) .
Surface topography of RBL cells measured with scanning force microscopy (SFM)
Cells adsorbed on bare substrates. As a first step in imaging RBL-2H3 cells with SFM, cells were attached on untreated silicon substrates by incubating overnight at standard cell culture condition. The firmly adhered confluent layer of cells was placed in the liquid cell of the atomic force microscope after buffer exchange. Figure 4 shows a RBL-2H3 cell in top view measured in contact mode. The height image (a) resolves no distinct structures on the plasma membrane with exception of the two protrusions at the upper side. The circular (dark) spot in the middle of the cell originates from the limits of the piezo with respect to the z movement. At this region the cell surface was heavily indented by the tip without destroying the cell, thus indicating that the cell surface was very elastic and flexible.
The higher magnification image in Figure 4 (b) gives an enlarged detail of the protruding structures of the upper end of the cell from Figure 4(a) . The protrusions may be attributed to pseudopodia, active extensions at the leading edge of the cell which impose cell motility or contacts with the surrounding. Besides the protrusions, two additional features appeared in the image that could not clearly be assigned to cellular structures. One were circular smooth bulges with about 600 nm diameter (blue arrows in the image) and the other type were sharp spikes (red arrows in the image). 
SFM on cells immobilized on chemically treated
substrates via hydrophobic anchoring. The images shown so far (Fig. 4) revealed no spectacular details concerning cell morphology which may be attributed to the loose anchoring to the substrate. They also did not show the highly folded surface structure as known from scanning electron microscopy images of these cells (Oliver et al., 1988) . For this reason we used substrates with hydrophobic crosslinkers (PEG 800 -stearic acid) for the tight binding of the cells to the surface. This also has the advantage that cells can be observed shortly after they are spread on the substrate. At first glance, one may think that the images in Figure 5 are blurred. This impression comes from a cloud of diffuse filamentary structures, distributed all over the cell but clearly seen only on the edge of its left side. Beneath the enveloping filamentous cloud a checkered pattern was the most abundant structural feature. It consisted of parallel bundles of fibres crossing each other at about 90 angle (white arrows). The pattern changed its structural arrangement in time, thus indicating a pronounced intracellular dynamics. On top of some broadened fibres sometimes spherical particles appeared and disappeared (white arrowheads). Their appearance and disappearance is probably the result of their emergence from and submergence into a deeper part of the cytoplasm.
Stimulation of RBL cells with ionomycin.
The RBL-2H3 mast cell line is a commonly accepted system for studying the mechanism of stimulated secretion during degranulation. There are at least two kinds of morphological changes, which are associated with Ca 2+ -dependent secretion of inflammatory and vasoactive substances. One is the fusion of intracellular granules with the plasma membrane, the other is the concomitant development of a series of membrane and cytoskeletal responses, as evident in particular changes in surface topography and F-actin content (Oliver et al., 1988) .
Both types of functional response make this cell line an interesting subject for investigation by SFM. Ionomycin, a Ca 2+ -ionophor, causes Ca 2+ influx across the cell membrane, thus increasing the level of intracellular Ca 2+ causing degranulation. Therefore, RBL-2H3 cells were incubated with ionomycin and concomitant morphological responses were monitored with SFM. Figure 6 shows sequential images taken every 128 s, starting about 2 min after ionomycin injection. The cell was anchored to the substrate via a hydrophobic crosslinker. The roughly spherical cell body in (a) changed its shape during imaging (from a to d). It flattened out and developed fine protrusions (c and d, white arrow).
The cell surface was intricately-structured and appeared as a system of lines and ridges running under the plasma membrane. It consisted of bundles of small fibres that became more and more ruffled in time. Some of the fibres developed (from a to d) from small ridges, running diagonally from the left upper edge to the right lower edge, to distinct lamellae structures of up to 5 m diameter. Spherical structures appeared and disappeared (white arrowheads in c and d), mostly on top of the lamellae. They all were of similar size with a typical diameter of approximately 500 nm. It may be speculated that these structures are secretory granules appearing in consequence of Ca 2+ influx mediated by ionomycin.
CONCLUSION
A strategy was developed for non-invasive but tight anchoring of cells via crosslinkers containing alkylic chains as functional end groups. Linkage via hydrophobic end groups that enter the lipid core of a cell membrane was more efficient than cell immobilization via disulfide bridges to membrane proteins. It yielded stronger cell attachment, comparable or even higher than conventional strong contact adhesion methods. This is interpreted as a result of the penetration of stearic acids into the hydrophobic interior of the lipid core, thus linking the cell tightly to the substrate. Also, the resolution of images obtained with scanning force microscopy increased enormously. Morphological structures and dynamic processes on cell surfaces became resolvable. The response of RBL cells to ionomycin stimulation could be imaged with occurrence of structural changes, suggesting that the type of anchorage chosen leaves the cell intact with respect to its main function. The strategy of cell attachment described in this study may develop into a useful tool for combining scanning force microscopy with cell physiology and electrophysiology.
